Immunotherapeutic strategies to combat neurodegenerative disorders have galvanized the scientific community since the first dramatic successes in mouse models recreating aspects of Alzheimer disease (AD) were reported. However, initial human trials of active amyloid-beta (Aβ) vaccination were halted early because of a serious safety issue: meningoencephalitis in 6% of subjects. Nonetheless, some encouraging preliminary data were obtained, and rapid progress has been made toward developing alternative, possibly safer active and passive immunotherapeutic approaches for several neurodegenerative conditions. Many of these are currently in human trials for AD. Despite these advances, our understanding of the essential mechanisms underlying the effects seen in preclinical models and human subjects is still incomplete. Antibodyinduced phagocytosis of pathological protein deposits, direct antibodymediated disruption of aggregates, neutralization of toxic soluble proteins, a shift in equilibrium toward efflux of specific proteins from the brain, cell-mediated immune responses, and other mechanisms may all play roles depending on the specific immunotherapeutic scenario.
INTRODUCTION
The remarkable power of therapeutics designed to enhance aspects of the immune response has been recognized at least since the time of Jenner (1798) . Triumph after triumph has come from the realm of infectious diseases since then. More recently, the basic strategies of active vaccination, and by extension, the use of monoclonal antibodies for passive vaccination, have been applied to neoplastic, autoimmune, and atherosclerotic diseases. Considering that the number of individuals greater than age 65 is increasing markedly throughout the world, it is quite natural that the modern immunotherapeutic armamentarium should be brought to bear on the problems of Alzheimer disease (AD) and other neurodegenerative disorders. Hundreds of previous reviews have been published on the topic of immunotherapeutics in neurodegenerative diseases. 1 The pathogenesis of these diseases has also been reviewed extensively (e.g., Skovronsky et al. 2006 ). Here we address selected critical issues that bear directly on the development of effective active and passive immunotherapeutics for human patients with neurodegenerative disorders.
ACTIVE Aβ VACCINATION IN TRANSGENIC MICE MODELING ASPECTS OF AD PATHOLOGY: INITIAL FINDINGS
The first report of an immunotherapeutic approach to a neurodegenerative disease in vivo was published in 1999. The experiments involved active vaccination with aggregated amyloid-beta (Aβ) in PDAPP mice, transgenic animals that develop extracellular Aβ deposition in the form of plaques similar in many respects to those seen in human AD patients (Games et al. 1995 , Johnson-Wood et al. 1997 ). The initial results were dramatic: Immunization starting either before or after plaque deposition had a clear beneficial effect on the AD-like plaque pathology (Figure 1a) . High anti-Aβ antibody titers in serum were detected, and phagocytic cells were found engulfing Aβ aggregates in vaccinated animals' brains (Schenk et al. 1999) . Quickly thereafter, two groups simultaneously published independent reports showing improvements in behavioral abnormalities using similarly vaccinated amyloid precursor protein (APP) transgenic mice (Figure 1b-c ; see Supplemental Table 1 . Follow the Supplemental Material link from the Annual Reviews home page at http://www. annualreviews.org). Strikingly, behavioral performance was even more strongly improved than were brain Aβ levels or plaque pathology; some performance deficits in TgCRND8 (Chishti et al. 2001 ) and Tg2576 (Hsiao et al. 1996) mice were almost entirely normalized, whereas Aβ plaques were reduced but not eliminated ( Janus et al. 2000 , Morgan et al. 2000 .
THE AN1792 TRIALS OF ACTIVE Aβ VACCINATION IN HUMAN AD PATIENTS
This approach was translated remarkably rapidly to the human clinical arena. A phase I (safety) study in patients with mild-moderate sporadic AD was performed in the year 2000. Eighty subjects, in their 70s on average, were randomly assigned to one of four combinations of AN1792 (the same aggregated Aβ 1−42 preparation used in the transgenic mice) plus the QS21 surface active saponin adjuvant or placebo. Four vaccinations over a six-month period were administered intramuscularly. Four deaths occurred in the active treatment group but none was considered related to the vaccination. Other adverse events possibly related to vaccination included confusion and hallucinations, hostility, and convulsions, but all of these have been reported to occur also in untreated AD patients (Bayer et al. 2005) . Overall the treatment was well tolerated during this trial, and the strategy was advanced to a phase II trial.
After the phase II trial was well underway, one actively vaccinated patient from the phase 
Figure 1
Effects of active vaccination in transgenic mice modeling aspects of Alzheimer disease. (a) Reduction in Aβ plaque deposition in the cortex of PDAPP mice following vaccination with aggregated Aβ 1−42 (right) compared with saline-injected mice (left) at the same age. Adapted from figure 4b,c of Schenk et al. (1999) . (b) Improved behavioral performance in TgCRND8 mice following vaccination with aggregated Aβ 1−42 (red circles, right panel ) compared with TgCRND8 mice vaccinated with the irrelevant islet-associated polypeptide (IAPP, red circles, left panel ). Performance of similarly vaccinated nontransgenic mice ( gray circles) was mostly unchanged. The figure shows latency to reach the hidden platform in the Morris water maze (Morris et al. 1984) ; each daily session consisted of four trials per mouse. Adapted from figure 2e of Janus et al. (2000) . (c) Improved behavioral performance in Tg2576 mice following vaccination with aggregated Aβ 1−42 ( purple triangles) compared with Tg2576 mice vaccinated with the irrelevant keyhole limpet hemocyanin (blue squares). Aβ-vaccinated Tg2576 mice performed nearly as well as nontransgenic mice ( green circles). The figure shows number of errors in the radial arm water maze during working memory (trials 1-4) and retention (trial 5) testing on days 10 and 11 of training. Adapted from figure 1b of Morgan et al. (2000) . Reprinted by permission of Macmillan Publishers Ltd.
Active vaccination:
introducing an exogenous substance to stimulate the immune system to mount a response Passive Vaccination: introducing exogenous antibodies directly into an animal or person to produce a benefit similar to that of active vaccination I trial developed a subacute encephalopathy, did not recover to baseline, and died from non-CNS causes. At autopsy, the patient was found to have T-lymphocyte predominant meningoencephalitis (Nicoll et al. 2003) . Meningoencephalitis is not an expected occurrence in AD and has not been reported in any unvaccinated AD patients to our knowledge, although investigators have reported perivascular inflammation in some cases of cerebral amyloid angiopathy with Aβ deposition in brain blood vessels (Eng et al. 2004 ). This event occurred after the vaccine formulation was changed to include the preservative polysorbate 80. At around the same time, another report showed similar encephalitis in 6% (18/300) of the actively immunized patients in the phase II study, which also used the polysorbate 80-containing formulation (Orgogozo et al. 2003) . The phase II study was then terminated after only 1-3 of the planned 6 vaccinations had been given. Twelve of the patients recovered within weeks, whereas six patients suffered disabling cognitive or neurological sequelae. Analysis of the interrupted trial revealed that Aβ antibody titer was not correlated with the signs and symptoms of meningoencephalitis. These adverse events had not been predicted on the basis of the preclinical studies performed prior to initiation of the clinical trials.
In the phase I study, there was a trend toward slower cognitive decline in the actively vaccinated patients compared with controls. However, active vaccination did not bring the cognitive performance of these elderly, demented individuals back to near normal, as had been reported for some of the transgenic mice. One possible explanation was that in the phase I trial, serum anti-Aβ antibody titers were low, above 1:1000 in only ∼60% of the elderly human AD patients, whereas most of the relatively young mice in the early preclinical vaccination trials had titers over 1:10,000 (Schenk et al., 1999) . Of note, in a preclinical study of significantly older transgenic mice, Austin et al. (2003) found lower antibody titers following active vaccination, and they saw no effect on behavioral performance. Another study found that immunization in older mice was less effective at clearing plaques than was immunization in younger mice, even though all ages produced high anti-Aβ antibody titers (Das et al. 2001) .
Overall in the multicenter phase II study, there likewise was not a major effect on cognitive performance . A singlecenter analysis of a subgroup of 30 patients appeared to indicate stabilization on some measures of cognitive status in 6 patients with robust antibody responses (Hock et al. 2003) . However, the 9 patients who received active vaccination but did not mount a significant antibody response actually performed worse than would have been expected from the natural history of the disease; their mini-mental status exam scores declined by an average of 6 points out of 30 in 1 year (Hock et al. 2003) , whereas the overall placebo group declined by an average of 1.5 points . In the phase II study analysis, ∼20% of the patients had significant serum antibody titers (>1:2200) after 1-3 vaccinations. Even among this subgroup of patients who were considered responders, the primary clinical outcome measures, including the mini-mental status examination, revealed no effect of active vaccination compared with placebo. A few of the tests in the neuropsychological battery relating to episodic memory showed differences favoring active vaccination, although the study found no dramatic cognitive improvement in any domain examined. Of note, analyses excluding the 22% of the responders who developed encephalitis did not change the reported results.
Importantly, active immunization resulted in generation of anti-Aβ antibodies that appeared predominantly directed against the Nterminus of Aβ and bound to both soluble and insoluble forms of Aβ (Lee et al. 2005) . These antibodies were similar in many respects to those raised during active vaccination of transgenic mice (Bard et al. 2003) .
Neuropathological analysis of the brains of a few deceased patients revealed several striking findings suggesting that the vaccination strategy was in fact having some effect on human AD pathology. The first patient to come to autopsy from the phase I study had a patchy distribution of cortical Aβ plaques, in contrast with the more uniform distribution of plaques in several cortical regions in typical AD (Nicoll et al. 2003) . Some regions of cortex were nearly free of plaques. Plaque pathology was extensive in the basal ganglia and cerebellum, which are areas not especially prone to plaque pathology. Cerebral amyloid angiopathy and neurofibrillary tangles were persistent, even in areas relatively free of parenchymal Aβ plaques. Although this patient may have had an unusual form of the disease (Klunk et al. 2007 ), a more likely explanation is that the vaccinationinduced immune response caused a clearance of Aβ deposits out of cortex, possibly resulting in a redistribution into other structures. As seen in vaccinated transgenic mice, the brain contained apparent phagocytic cells with closely associated punctate Aβ staining (Nicoll et al. 2003) .
A second case report from a vaccinationrelated meningoencephalitis patient revealed similar findings, with the addition of multinucleated giant cells appearing to engulf Aβ deposits (Ferrer et al. 2004 ). Tris and guanidinesoluble Aβ levels in extracts from these brains were higher than in several unvaccinated patients (Patton et al. 2006 ). In the brain of a third patient who, importantly, did not develop clinical signs of meningoencephalitis (he died of unrelated causes 18 months after his first vaccination), there was still a marked reduction in Aβ plaque pathology in some regions of cortex as compared with typical AD patients. Cerebral amyloid angiopathy and tangle pathology were again persistent. This patient mounted a vigorous anti-Aβ antibody response, based on his serum anti-Aβ antibody titers. No evidence of multinucleated giant cells or subclinical T-cell meningoencephalitis was found (Masliah et al. 2005a ).
An unresolved question exists about the nature of the effects of vaccination on AD pathology in the vast majority of patients who survived. Cerebrospinal fluid studies revealed decreases in tau levels in a subset of patients . This decrease may suggest reduced neurodegeneration, but the Morris Water Maze: rodent behavioral test that assesses spatial learning and memory by evaluating ability to swim to a small platform in a pool of opacified water interpretation of this finding is not clear. Amyloid imaging was not available at that time but could have been helpful. A volumetric MRI study over a one-year period somewhat surprisingly revealed that vaccinated patients had a greater decrease in brain volume than did placebo patients. When patients with encephalitis were excluded, the results remained significant. A moderate correlation between anti-Aβ antibody titer and volume loss was found; higher maximum IgG titers were associated with greater volume loss (Fox et al. 2005) . What accounts for these MRI findings is again not clear. Acceleration of volume loss has been associated with progression to later clinical stages of AD, but there was no evidence of accelerated neurodegeneration in the vaccinated patients. More interestingly, if Aβ deposits take up a substantial portion of the substance of the cortex in AD, removal of these deposits could account for the reported volume loss.
PASSIVE Aβ VACCINATION IN TRANSGENIC MICE MODELING ASPECTS OF AD PATHOLOGY
Shortly after the publication of the initial preclinical active vaccination trial, two reports indicated that passive vaccination by systemic infusion of monoclonal antibodies directed at Aβ could similarly decrease Aβ plaque pathology in transgenic mice (Bard et al. 2000 , DeMattos et al. 2001 ) (see also Supplemental Table 2) . Passive vaccination strategies also successfully improved the behavioral performance of these transgenic animals. However, effects on plaque pathology were dissociated from effects on behavior. For example, six weekly injections of m266, the antibody to the central domain of Aβ used by DeMattos et al., produced marked normalization of certain behavioral impairments without any apparent effects on plaque pathology. Even a single injection of this antibody produced beneficial effects that were apparent one day after treatment (Dodart et al. 2002) . Likewise, three injections of BAM-10, another monoclonal antibody, rapidly improved Morris www.annualreviews.org • Immunotherapy for Neurodegeneration water maze performance in another transgenic mouse model without apparently affecting levels of any of the soluble species of Aβ measured by enzyme-linked immunosorbent assay (ELISA) in brain extracts. These mice had not yet developed plaques but already had worse behavioral performance than did their wild-type littermates (Kotilinek et al. 2002) . Janus et al. (2000) had similarly demonstrated that active vaccination starting before the development of plaque pathology improved behavior without reduction in brain Aβ levels.
These reports and others that followed (Hartman et al. 2005 , Oddo et al. 2006b , Chen et al. 2007 ) indicated that in the mouse models, effects on behavior did not necessarily correlate with effects on either plaque pathology or soluble brain Aβ levels as measured by ELISA. The first dissociation between effects on behavior and effects on plaques was initially considered likely to be due to neutralization of some form of toxic, soluble Aβ in the brain. The second dissociation between effects on behavior and effects on soluble Aβ levels as measured by ELISA suggested that this might not be the entire explanation either. A central role for rare but highly toxic soluble Aβ species (e.g., protofibrils, oligomers, ADDLs, Aβ * species) not easily measured by conventional ELISAs has been posited as an overarching framework to explain these findings (Walsh & Selkoe 2004) . The potential importance of other aspects of AD pathology such as neurofibrillary tangles and the effects of tau abnormalities on axonal transport have also been revisited in this context , Oddo et al. 2006a . A fundamental issue that complicates interpretation of all these results is that we do not know whether behavioral abnormalities seen in APP transgenic mice are analogous to any of the cognitive deficits seen in humans with AD.
One potential concern associated with administration of certain anti-Aβ antibodies is intracerebral hemorrhage. Hemorrhages associated with cerebral amyloid angiopathy (CAA) were increased in APP transgenic mice treated with some antibodies, especially those that bind Aβ-containing plaques (Pfeifer et al. 2002 , Wilcock et al. 2004b , Racke et al. 2005 . This finding raises a new safety concern that may be relevant to humans because ∼90% of human AD patients have concomitant CAA, and similar intracranial hemorrhages were seen in one actively vaccinated patient (Ferrer et al. 2004 ). Most of these hemorrhages were small, and the clinical significance of these microbleeds is not entirely certain; they can be found frequently in asymptomatic patients with CAA (Towfighi et al. 2005 ). Likewise, one preclinical passive vaccination study reported that although there were larger numbers of microhemorrhages and worsening CAA in antibody-treated mice, these did not negate the generally positive effects of treatment on behavioral performance (Wilcock et al. 2004b ).
POTENTIAL MECHANISMS UNDERLYING EFFECTS OF IMMUNOTHERAPEUTICS
Investigators have proposed a wide variety of mechanisms to explain various aspects of the effects of passive and active vaccination strategies. Most of this work has been based on mouse models used for preclinical development of AD treatments. Early reports of active vaccination trials presented immunohistochemical evidence for phagocytosis of Aβ deposits; small, densely staining Aβ plaques were seen in association with major histocompatability complex (MHC) II-labeled cells resembling activated microglia and monocytes (Schenk et al. 1999 ). This and the high anti-Aβ titers found in these mice suggested that antibody-directed clearance of plaques by phagocytosis (Figure 2a ) could be a central mechanism. When administered systemically, a small fraction of certain anti-Aβ monoclonal antibodies gained access to the brain and bound plaques. In vitro experiments using monoclonal antibodies and cultured microglia supported the possibility that these antibodies trigger phagocytosis of Aβ deposits (Bard et al. 2000) . Apparent phagocytosis of Aβ plaques was also observed in the brains of two patients who were treated with AN1792
Figure 2
Potential mechanisms underlying effects of immunotherapeutics in models of Alzheimer disease. These represent only a subset of the possibilities and are not meant to be considered mutually exclusive; more than one may be in operation at any given time or several may play important roles at different stages of therapy. (This figure was produced with the assistance of MedPIC at Washington University School of Medicine.) For further explanation, see Supplemental Material online.
Fragment crystalizable (Fc):
portion of immunoglobulin that binds to cells and is important in complement activation but is not involved in specific antigen binding F(ab')2: fragment of an immunoglobulin molecule that specifically binds to the antigen but does not contain the Fc portion and came to autopsy (Nicoll et al. 2003 , Ferrer et al. 2004 .
Further studies indicated that fragment crystalizable (Fc) receptor-mediated phagocytosis is unlikely to be the only mechanism involved in plaque clearance. Bacskai et al. (2002) demonstrated that direct application of F(ab')2 fragments of the anti-Aβ antibody 3D6 to the surface of the brains of plaquebearing mice resulted in clearance of Aβ deposits equivalent to the effects of application of full-length 3D6. F(ab') 2 fragments generally have the same antigen-binding effects as fulllength antibodies but lack the Fc portion of the antibody believed to be essential for triggering antibody-mediated phagocytosis via interactions with the Fc receptor on microglia and macrophages. This finding suggested that antibody binding could potentially directly disrupt Aβ aggregates, shifting the equilibrium between aggregates and monomeric Aβ toward the more readily cleared and degraded monomers (Figure 2b) . This idea is supported by in vitro data demonstrating that anti-Aβ antibodies mixed with synthetic Aβ could prevent (Solomon et al. 1996 , Legleiter et al. 2004 or reverse (Solomon et al. 1997 ) aggregation of Aβ fibrils. Although most antibodies that bind to insoluble Aβ aggregates and clear plaques have epitopes directed against the N-terminus of Aβ, many N-terminal antibodies bind to both soluble and insoluble Aβ and may thus have more than one mechanism of action (see below).
Interestingly, direct injection of F(ab') 2 fragments of a different antibody (2286) resulted in diffuse plaque clearance but did not affect fibrillar Aβ deposit clearance (Wilcock et al. 2004a ). These and other results suggest that there may be multiple, possibly sequential mechanisms of direct antibody-mediated plaque removal. Application of intact anti-Aβ antibody was reported to clear diffuse Aβ deposits within 24 h but clear fibrillar deposits only later at 72 h (Wilcock et al. 2003) . Only the later phase was accompanied by a surge in the numbers of CD45-positive stained microglial cells. Fc-independent mechanisms appear capable of mediating the effects of active vaccination (Das et al. 2003) and systemic passive vaccination (Tamura et al. 2005 ) as well.
As noted above, dissociations between plaque clearance or Aβ levels measured by ELISA and behavioral effects have been well documented ( Janus et al. 2000 , Dodart et al. 2002 , Kotilinek et al. 2002 . The findings that exogenous administration of some specific forms of soluble Aβ could rapidly induce abnormalities in synaptic plasticity and in behavioral performance (Walsh et al. 2002 , Cleary et al. 2005 , Lesne et al. 2006 suggested that therapeutics that target specific soluble Aβ species may underlie these effects (Figure 2c) . Experiments that unequivocally test the importance of this class of mechanisms in vivo have not been reported to our knowledge. There is, however, some supporting experimental evidence (Klyubin et al. 2005 , Oddo et al. 2006a , and this is an area of active inquiry. A central question is still which if any of these protofibrils, oligomers, ADDLs, Aβ * species, etc., are present in the human brain, at which concentrations, and at which stages of disease. Oligomeric species of Aβ are challenging to measure, and detergents such as those used in extraction procedures or gel electrophoretic analyses lead to artificial assemblies (Hepler et al. 2006 ). This adds further uncertainty to the interpretation of these results.
Some evidence indicates that the effects of certain anti-Aβ antibodies may not actually require that these antibodies enter the brain. For example, the monoclonal antibody m266 has a very high affinity for soluble Aβ, can remove all free Aβ present in the blood of PDAPP mice, and does not bind Aβ plaques when given peripherally (DeMattos et al. 2001) or even when applied directly to AD brain sections (Racke et al. 2005 ). This and potentially other antibodies that bind to soluble Aβ may act as a "peripheral sink," preventing transport of Aβ from blood back into the brain (Figure 2d ) and thereby enhancing net clearance of Aβ (DeMattos et al. 2001) . Much work has gone into investigations of the mechanisms of Aβ clearance from the brain into the blood (Deane et al. 2003) , and net clearance can involve not only a peripheral sink effect but also an active Fc receptor-mediated process at the blood-brain barrier (Deane et al. 2005) . This process could further favor Aβ clearance without requiring antibody persistence in the brain.
Although most of the above discussion has focused on antibody-mediated effects, antibody-independent, cell-mediated effects may underlie some of the benefits seen following active vaccination (Figure 2e) . This could also be a mechanism by which nonspecific immunization results in plaque clearance (Frenkel et al. 2005) . Cell-based immunotherapeutic approaches have demonstrated benefits in animal models of Parkinson disease (Benner et al. 2004) and amyotropic lateral sclerosis (Angelov et al. 2003) .
Overall, there may be many mechanisms that can affect Aβ plaques, soluble Aβ levels, and/or behavioral performance. These may act concomitantly or sequentially, be differentially important depending on the stage of disease or type of antibody, and may be more or less relevant depending on factors such as the specific animal model system used and the animals' ages. Other mechanisms not discussed here in depth such as effects on Aβ-mediated vasoconstriction or modulation of CNS cytokine production may also be involved. Some, all, or none of these mechanisms may be relevant to treatment of human disease. Substantial numbers of additional clinical trials in human patients with translational mechanistic studies incorporated into their designs will be required to sort this out.
ACTIVE AND PASSIVE VACCINATION STRATEGIES IN ANIMAL MODELS OF OTHER NEURODEGENERATIVE DISEASES
Several laboratories have investigated immunotherapeutic strategies targeting proteins known or suspected to be involved in the pathogenesis of other neurodegenerative diseases (see Supplemental Table 3 ). All these approaches are still in preclinical development to our knowledge.
Prion Diseases
Farthest advanced is work on transmissible spongiform encephalopathies, such as Creutzfeld-Jacob disease in humans and scrapie in other species. Because the native prion protein (PrP) is widely expressed throughout life and creates immune tolerance, it was initially challenging to produce effective active and passive vaccinations in experimental animals (reviewed in Bade & Frey 2007) . Several clever strategies were used to overcome this hurdle, including genetically engineering mice to produce single-chain anti-PrP antibodies (Heppner et al. 2001) , infusing monoclonal antibodies produced using PrP knockout mice (White et al. 2003) , and actively vaccinating mice with highly immunogenic papilloma virus-derived particles displaying PrP epitopes (Handisurya et al. 2007 ), among many others. Overall, there has been substantial progress in preclinical models. For example, active mucosal vaccination of mice using a recombinant attenuated salmonella strain expressing mouse PrP delayed or prevented clinical disease following oral challenge with an otherwise universally fatal oral dose of a mouse scrapie strain (Goni et al. 2005) . Likewise, passive vaccination of mice using intraperitoneal injection of monoclonal anti-PrP antibodies starting after inoculation with scrapie brain homogenates but before onset of symptoms prevented clinical disease development (White et al. 2003) . To our knowledge, none of the experimental approaches has as yet demonstrated alleviation of symptomatic disease (Bade & Frey 2007) .
Parkinson Disease and Amyotrophic Lateral Sclerosis
Several strategies similar to those used in AD have been tested in mouse models of Parkinson disease and amyotrophic lateral sclerosis (see Supplemental Table 3 ). Active vaccination Copaxone (also termed glatiramer acetate and copolymer-1): synthetic random polypeptide consisting of the amino acids tyrosine, glutamate, alanine and lysine with human α-synuclein in a familial Parkinson disease mouse model characterized by accumulation of α-synuclein aggregates provided some benefit in terms of pathological outcomes (Masliah et al. 2005b) . Likewise, active vaccination with misfolded mutant superoxide dismutase 1 (SOD-1) in a familial amyotrophic lateral sclerosis mouse model carrying an SOD-1 mutation reduced loss of spinal cord neurons and caused a modest but statistically significant increase in life expectancy (Urushitani et al. 2007) . Some benefits of nonspecific active vaccinations with Copaxone-based regimens have been reported (Angelov et al. 2003 , Benner et al. 2004 in ALS and Parkinson models, although safety concerns have been raised (Haenggeli et al. 2007 ). The effects of passive vaccination approaches to these diseases have not been reported to our knowledge, but this clearly represents an avenue for future research.
Acute CNS Insults that May Trigger Neurodegeneration
Aβ may play a pathogenic role in other conditions besides AD, and some of the same immunotherapeutics under development for AD have been assessed as potential neuroprotectants for other central nervous system insults such as seizures and traumatic brain injury (TBI). For example, pretreatment with an anti-Aβ monoclonal antibody reduced seizurerelated neuronal loss in the hippocampi of Tg2576 mice (Mohajeri et al. 2002) . Likewise, our collaborative group treated young PDAPP mice with the anti-Aβ antibody m266 starting shortly before and continuing weekly after moderately severe experimental TBI. The m266-treated mice displayed markedly improved behavioral performance in the Morris water maze, reduced loss of hippocampal CA3 cells, and increased apparent neurogenesis in the dentate gyrus (Brody et al. 2005 ). An extensive epidemiological and pathological literature links TBI and the subsequent risk of AD ( Jellinger 2004 ).
ONGOING CLINICAL DEVELOPMENT OF IMMUNOTHERAPEUTIC STRATEGIES TO COMBAT AD

Passive Vaccination
Farthest advanced at the time of this writing is the Elan/Wyeth trial of AAB-001 (Bapineuzumab), which was entering phase III testing in 2007. This approach involves passive immunization with an Aβ N-terminal directed, humanized monoclonal antibody. The murine version of this antibody binds to both soluble and aggregated Aβ (Bard et al. 2000 , Racke et al. 2005 . The N-terminal 8 amino acids of Aβ were the predominant epitope recognized by antibodies in the sera from 45 vaccinated patients in the AN1792 trial (Lee et al. 2005) , which also bound to both soluble and aggregated Aβ. Thus, passive vaccination with an N-terminal antibody with similar features may be expected to mimic aspects of the antibody portion of the response to active vaccination. Phase I results have been reported only in abstract form (Ninth Int. Geneva/Springfield Symp. Alzeimer Ther. 2006), and the multipledose phase II trial has not yet been completed. A small amyloid imaging substudy is also part of this trial.
Next most advanced to our knowledge is the Eli Lilly and Co. phase II trial of LY2062430, which involves passive vaccination with an Aβ central domain directed, humanized monoclonal antibody. Systemic administration of the closely related central domain mouse monoclonal antibody m266 rapidly improved behavioral performance (Dodart et al. 2002 , Bales et al. 2006 ) and decreased plaque formation (DeMattos et al. 2001) in preclinical studies. Thus far, this antibody has not been shown to reverse existing plaque pathology or bind directly to plaques. On the other hand, this antibody did not worsen intracerebral hemorrhage or vascular pathology in older APP transgenic mice (Racke et al. 2005) . Unlike the AAB-001 trial, patients on anticoagulants or with contraindications to MRI are not specifically excluded from the LY2062430 trial (http://www.clinicaltrials.gov). The phase I results have been reported only in abstract form, and no safety concerns were raised (10th Int. Conf. Alzheimer's Dis. Relat. Disord. 2006) .
The Pfizer/Rinat phase I trial of RN-1219 (PF-04360365), another humanized monoclonal antibody recognizing Aβ, excludes patients with hemorrhages, infarctions, or extensive white matter changes on MRI (http:// www.clinicaltrials.gov).
Detailed information about this antibody has not been publicly disclosed. Likewise, few details are available regarding the Hoffman-La Roche/MorphoSys phase I trial of R-1450 (http://www.centerwatch.com), a fully human monoclonal antibody developed using the MorphoSys HuCAL platform (Knappik et al. 2000) . The protocol registry for this trial does not list MRI-based or anticoagulation-related exclusion criteria.
Active Vaccination
Refined active vaccination strategies for AD are also still considered viable options. The Elan/Wyeth ACC-001 phase I active vaccination trial started in the fall of 2005. The vaccine reportedly was designed to elicit specific antibody responses while minimizing the deleterious inflammatory responses seen in the AN1792 trial. This approach uses an Aβ fragment attached to a carrier protein (http://www.alzforum.com). Two other phase I active vaccination trials are underway: the CAD-106 trial led by a Novartis/Cytos collaboration and the V950 trial initiated by Merck.
FDA-Approved Immunotherapeutics
The safety concerns raised by AN1792, as well as several other new drugs in recent years, have spurred interest in using FDA-approved therapeutics with established safety records for new indications (e.g., Rothstein et al. 2005) . Dodel et al. (2002) have found that human intravenous immunoglobulin (IVIg) contains some endogenously produced anti-Aβ antibodies, along with a great variety of other antibodies.
Two small phase I studies of IVIg infusions have been completed (Dodel et al. 2004) , and a phase II study is underway as of this writing. An amyloid-imaging substudy with the PET ligand Pittsburg Compound-B (Klunk et al. 2004 ) is also part of this trial (http:// www.clinicaltrials.gov).
FUTURE DIRECTIONS
Preclinical Predictors of Clinical Efficacy
One major question remains how to decide which preclinical therapeutics to move into clinical trials. The issue is that we do not have a solid understanding of which outcomes in preclinical models will best predict efficacy in human patients. Aβ plaques in many mouse models are very similar to those in human AD patients. However, it is not clear whether reducing Aβ plaque burden in the brains of patients with concomitant tangle pathology, reduced numbers of synapses, and extensive neuronal loss will have a meaningful benefit in terms of memory and other cognitive functions. In addition, the behavioral performance deficits in the mouse models are quite different in many respects from the clinical symptoms in human patients, thus the importance of targeting these deficits has been hotly debated. Specifically, many mouse models show early behavioral performance deficits on tests of memory and other cognitive function at young ages, often before substantial plaque pathology is observed (Smith et al. 1998 , Lesne et al. 2006 . In contrast, significant Aβ plaque pathology is likely present for a decade or longer before cognitive symptoms are apparent in humans (Braak & Braak 1997 , Price & Morris 1999 , Price et al. 2001 .
Based on the data available in humans, cognitive symptoms correlate best with the onset and progression of neuronal and synaptic loss later in life (Masliah et al. 2001 , Price et al. 2001 , Scheff & Price 2003 . However, no mouse model developed to date fully recapitulates these aspects of the disease.
Recently, attention from several groups has turned to Aβ-targeted immunotherapeutic effects on additional aspects of AD-related pathology seen in the mouse models. Preclinical studies have reported improvements in abnormalities of the geometry of neuronal processes (Lombardo et al. 2003) , early tau pathology (Oddo et al. 2004 ), loss of synaptophysin immunoreactivity (Buttini et al. 2005) , and neuritic dystrophy (Brendza et al. 2005 ). More advanced tau pathology was not affected by anti-Aβ antibody treatment (Oddo et al. 2004) nor did it appear that there was a clear reduction in tau pathology in the vaccinated human patients in the AN1792 trial.
Thus it is not clear at this time whether preclinical immunotherapeutics should be advanced to clinical trials on the basis of efficacy in (a) reducing Aβ plaque and/or tangle pathology, (b) blocking effects of soluble oligomeric Aβ species, (c) alleviating behavioral deficits, or (d ) preventing neuronal and/or synaptic loss. An immunotherapeutic strategy may need to be successful at only some or all of these to offer a meaningful benefit to human patients. Although the panoply of available animal models may be useful, none currently recapitulates all aspects of human AD.
Because of the enormous resources being devoted to AD, effective clinical therapeutics for this condition may be developed by trial and error without a thorough mechanistic understanding of their actions. Although any effective therapeutic would be most welcome, the ability to generalize the approach to other, less common, or as-yet-undiscovered neurodegenerative conditions would be markedly enhanced if the mechanistic principles underlying efficacy were understood. Thus, further detailed investigation of the pathophysiology of neurodegenerative diseases in human patients and careful exploration of the effects of immunotherapeutic strategies in both mice and humans are clearly required.
Clinical Trial Design
A second major question revolves around the design of the clinical trials themselves. Should patients with relatively rare, heritable forms of the disorders be enrolled first? Nearly all the preclinical animal models are based on the genes implicated in these subsets of patients, and therefore one could argue that therapeutics developed using such animal models are most likely to work in the human diseases bearing the most resemblance to them. Or should the more common, sporadic, later-onset forms of the diseases be attacked first, in the hopes of bringing the greatest benefit soonest to the largest numbers of people?
Likewise, should symptomatic patients be enrolled, or should efforts focus on identifying presymptomatic patients with genetic, biomarker-based or imaging evidence of disease pathophysiology? An argument for presymptomatic treatment states that in preclinical studies, many therapeutic approaches have been more effective in younger mice with less advanced disease than in older mice with more advanced disease. Because the central nervous system has limited regenerative capacity, neuronal and synaptic loss is not likely to be reversible once it has occurred, and the most effective immunotherapeutic approaches will therefore require prevention of such losses. The analogy to treating coronary artery disease before the development of ischemic cardiomyopathy and consequent congestive heart failure is salient. Although none of our current approaches for detecting presymptomatic patients with nonautosomal dominant familial neurodegenerative disorders has been fully validated at present, encouraging progress along these lines has been made using noninvasive PET-based imaging of fibrillar Aβ structures and measurement of cerebrospinal fluid levels of Aβ42 and tau (Klunk et al. 2004 , Fagan et al. 2006 , Fagan et al. 2007 ). Thus this approach may be feasible in the near future.
Economic Issues
A third, but clearly important issue is an economic one. The expense of giving weekly or monthly monoclonal antibody infusions for years or decades could be considerable. The price of commonly used monoclonal antibodies on the market today is typically hundreds to thousands of dollars per dose, and this price does not include the costs associated with starting intravenous lines and monitoring infusions. This is not to say that the approach is not feasible; cancer treatments routinely involve monitored intravenous infusions of very expensive medications. However, cycles of chemotherapy usually last weeks to months, rather than years to decades. On the other hand, if these treatments can keep patients out of nursing homes longer, allow them to take better care of their other health issues, and potentially even keep them in the workforce longer, the economic effect could still be a net benefit. Nonetheless, the specter of effective therapeutics affordable only to an elite few has its harbinger in issues about the availability of Herceptin in certain health care systems (Hutchinson & DeVita 2005) . Active immunization, despite the safety issues that have arisen, would likely be much more cost-effective than passive immunotherapy. Small molecules or other approaches unrelated to immunotherapeutics may prove still more economically efficient in the long run.
review of the timeline in the field of immunotherapeutic development for neoplastic disorders suggests that we may still have a long way to go. To date, cancer research has subsumed an even greater net effort than has research in the neurodegenerative disorders. Yet a full 20 years elapsed from when the results of first trials of monoclonal antibodies in ani-mal models were reported in 1977 until the first FDA approval of a monoclonal antibody-based therapeutic for a human cancer in 1997 (see Figure 3 ). Thus, far from being near the end of the road in terms of fundamental research on neurodegenerative disorders, it seems more likely that we are solidly in the middle of the journey, with many miles to go before we rest.
FUTURE ISSUES
1. How can patients with neurodegenerative disorders be identified in the earliest, even preclinical stages, and will immunotherapies initiated at these early stages prove especially effective?
2. Which pathophysiological events are targeted by effective immunotherapeutic strategies in preclinical animal models of disease? Do these same pathophysiological events occur and play important roles in human patients?
3. Will immunotherapeutic strategies specifically targeting rare but highly toxic soluble assemblies of the proteins believed to play central roles in neurodegenerative diseases offer therapeutic advantages over other targeting strategies?
4. How can clinical trials in neurodegenerative disorders-which often progress over the span of years to decades-be accelerated? Which biomarkers, clinical assessment strategies, or imaging approaches will make clinical trial design more efficient?
5. Can the essential aspects of the human immune response be modeled using experimental animals, including the tremendous variability caused by genetic and environmental factors? Will this approach lead to more rapid development of safe and effective therapeutics?
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